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$OORIWKHSDUWVDQGFRPSRQHQWVWREHXVHGLQLQGXVWU\PXVW
DFFRPSOLVK D VSHFLILF WDVN UHJDUGOHVV RI VHYHUH ZRUNLQJ
FRQGLWLRQV WKDW PD\ H[LVW GXULQJ WKHLU VHUYLFH OLIH 7KHUPDO
VKRFNVG\QDPLFORDGLQJDQGXQORDGLQJIDWLJXHDQGZRUNLQJ
LQ FRUURVLYH HQYLURQPHQWV DUH IHZ H[DPSOHV RI VXFK WRXJK
FRQGLWLRQVZKLFK LPSRVH VHYHUDO OLPLWDWLRQVRQ WKHGHVLJQRI
SDUWV DQG HYHQWXDOO\ PDQXIDFWXULQJ SURFHVVHV WR EH
LPSOHPHQWHG 7KHUHIRUH HDFK SDUW HLWKHU ZRUNLQJ VROHO\ RU
ZRUNLQJ WRJHWKHU LQ DQ DVVHPEO\PXVW EHZHOO GHVLJQHG DQG
SUHFLVHO\PDQXIDFWXUHGWRZRUNLQDUHOLDEOHDQGVDIHPDQQHU
>@
7KHTXDOLW\DQGFRQGLWLRQRI WKHVXUIDFH LVRQHRI WKHNH\
IDFWRUV WKDW SOD\V DQ LPSRUWDQW UROH LQ GXUDELOLW\ DQG
VXVWDLQDELOLW\RISDUWVGXULQJWKHLUVHUYLFHOLIH7KHVXUIDFHRID
ZRUNSLHFH FDQEH KLJKO\ DIIHFWHGE\PDFKLQLQJSURFHVVHV LQ
ZKLFK D VXUIDFH OD\HU LV UHPRYHG E\ D KDUG FXWWLQJ WRRO LQ
VHYHUDOSDVVHV,WKDVEHHQGHPRQVWUDWHGE\VHYHUDOUHVHDUFKHUV
>@ WKDWIDWLJXHIDLOXUHDOPRVWDOZD\VRFFXUVRQRUQHDU WKH
ZRUNSLHFHVXUIDFHZKHUHWKHLPSDFWRIWKHPDFKLQLQJSURFHVV
LVGRPLQDQW)UDFWXUHDQGIDLOXUHLVPDLQO\FDXVHGE\VXUIDFH
GHIHFWV )RU WKLV UHDVRQ PDFKLQLQJ RSHUDWLRQV DUH XVXDOO\
IROORZHGE\VRPHILQLVKLQJRSHUDWLRQVVXFKDVJULQGLQJVDQG
EODVWLQJ VKRW SLQQLQJ HWF WR HLWKHU LPSURYH WKH TXDOLW\ RI
VXUIDFHRUWRGHFUHDVHWKHGHQVLW\RIVPDOOFUDFNVDQGWRLPSRVH
FRPSUHVVLYHVWUHVVLQRUGHUWRSUHYHQWFUDFNSURSDJDWLRQ7KHVH
W\SLFDO ILQLVKLQJ RSHUDWLRQV UHPRYH GHIHFWV IURP VXUIDFH RU
LQGXFHFRPSUHVVLYHUHVLGXDOVWUHVVHVWRGHFUHDVHWKHHIIHFWVRI
SUHYLRXVO\ DSSOLHG PDFKLQLQJ SURFHVV DQG WR LPSURYH WKH
UHOLDELOLW\ RI ZRUNSLHFH +RZHYHU LW PXVW EH QRWHG WKDW
ILQLVKLQJRSHUDWLRQVHVSHFLDOO\JULQGLQJDUHXVXDOO\FRVWO\DQG
WLPHFRQVXPLQJKHQFHWKHLUDSSOLFDWLRQPXVWEHPLQLPL]HGLI
QRWFRPSOHWHO\HOLPLQDWHG
$PRQJ WKHPDFKLQLQJRSHUDWLRQVEURDFKLQJ LV DQROGEXW
LPSRUWDQW SURFHVVZKLFK KDV D JUHDW FDSDELOLW\ LQ SURGXFLQJ
SURILOHVWKDWFDQQRWEHDFKLHYHGE\RWKHUPDFKLQLQJSURFHVVHV
7KHVH SURILOHV LQFOXGH EXW DUH QRW OLPLWHG WR NH\ZD\V
JXLGHZD\VDQGVSOLQHV,QEURDFKLQJDOORIWKHURXJKLQJVHPL
ILQLVKLQJ DQG ILQLVKLQJ VWHSV DUH DFFRPSOLVKHG LQ MXVW RQH
VWURNHRIWKHPDFKLQHWKXVSHUIRUPLQJDGGLWLRQDORSHUDWLRQVIRU
VXUIDFHPRGLILFDWLRQLVQRWFRPPRQ,QWKHDEVHQFHRIILQLVKLQJ
RSHUDWLRQVWKHTXDOLW\DQGWKHLQWHJULW\RIWKHEURDFKHGVXUIDFH
LV GLUHFWO\ GHWHUPLQHG E\ WKH SURFHVV LWVHOI DQG FDQQRW EH
PRGLILHGODWHU
7KHPDLQREMHFWLYHRIWKLVSDSHULVWRLQYHVWLJDWHWKHSRVVLEOH
HIIHFWVRIWKHEURDFKLQJSURFHVVRQLQWHJULW\SDUDPHWHUVRIWKH
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ZRUNSLHFH VXUIDFH VXFK VXEVXUIDFH PLFURKDUGQHVV DQG
VXEVXUIDFHPLFURVWUXFWXUH
6XUIDFH,QWHJULW\LQ%URDFKLQJ
7KH WHUP VXUIDFH LQWHJULW\ FDQ EH XVHG WR GHVFULEH WKH
IHDWXUHVDQGFKDUDFWHULVWLFVRIVXUIDFHUHJLRQRIDFRPSRQHQW
$ FRPELQDWLRQRI VHYHUDO IDFWRUV VXFK DV VWUHVV DQGHOHYDWHG
WHPSHUDWXUHVJHQHUDWHGGXULQJPDFKLQLQJFDQFDXVHGHIHFWVRU
DOWHUDWLRQVRIWKHVXUIDFHFKDUDFWHULVWLFVVXFKDVPLFURVWUXFWXUH
PLFURKDUGQHVVSODVWLFGHIRUPDWLRQDQGUHVLGXDOVWUHVVHVLQWKH
PDFKLQHG SDUW 7KHVH GHIHFWV DUH SURGXFHG IURP GLIIHUHQW
PDFKLQLQJ SURFHVVHV DQG WKH\ FDQ VLJQLILFDQWO\ DIIHFW WKH
SHUIRUPDQFHRIWKHILQDOFRPSRQHQW7KHUHIRUHLQYHVWLJDWLQJ
WKHHIIHFWVRISURFHVVSDUDPHWHUVDQGPDFKLQLQJVWUDWHJLHVRQ
WKH PDFKLQHG VXUIDFH EHIRUH XWLOL]LQJ D FHUWDLQ PDFKLQLQJ
SURFHVVLVDQ LPSRUWDQWVXEMHFW6XUIDFH LQWHJULW\ LVJHQHUDOO\
GLYLGHG LQWR WZR PDLQ FDWHJRULHV ZKLFK DUH WRSRJUDSK\
FKDUDFWHULVWLFV DQG VXUIDFH OD\HU FKDUDFWHULVWLFV 6XUIDFH
URXJKQHVVZDYLQHVVIRUPHUURUVDQGIODZVFDQEHFODVVLILHG
XQGHU WKH WRSRJUDSK\ FKDUDFWHULVWLFV ZKLOH WKH VXUIDFH OD\HU
FKDUDFWHULVWLFVLQFOXGHEXWDUHQRWOLPLWHGWRUHVLGXDOVWUHVVHV
VXEVXUIDFH PLFURKDUGQHVV SODVWLF GHIRUPDWLRQ
UHFU\VWDOOL]DWLRQ DQG SKDVH WUDQVIRUPDWLRQV 6XUIDFH
WRSRJUDSK\DQG VXUIDFH OD\HU FKDUDFWHULVWLFV DUH LPSRUWDQW DV
WKH\ KDYH D PDMRU FRQWULEXWLRQ WR VWUHQJWK DQG SHUIRUPDQFH
UHOLDELOLW\RISDUWVLQPDQ\FDVHV>@
,Q EURDFKLQJ WKH QXPEHU RI FXWWLQJ HGJHV ZKLFK DUH
VLPXOWDQHRXVO\HQJDJHGZLWKWKHZRUNSLHFHLVQRUPDOO\KLJKHU
WKDQRWKHUPDFKLQLQJSURFHVVHVWKXVWKHRYHUDOOPDJQLWXGHRI
FXWWLQJIRUFHVLVKLJKHU(DFKFXWWLQJHGJHUHPRYHVDOD\HURI
PDWHULDO IURP WKHZRUNSLHFH VXUIDFHDQG LW LQWURGXFHVSODVWLF
GHIRUPDWLRQWRWKHPDFKLQHGVXUIDFH,QWKLVFDVHLIWKHULVHSHU
WRRWK WKH GLIIHUHQFH EHWZHHQ WKH KHLJKWV RI WZR VXFFHVVLYH
FXWWLQJWHHWK LV OHVV WKDQWKHGHSWKRIFROGZRUNHGOD\HU WKH
QH[WFXWWLQJHGJHWKHQHQFRXQWHUVWKHSUHYLRXVO\FROGZRUNHG
OD\HUDQGLWPXVWUHPRYHDKDUGHUOD\HURIZRUNSLHFHVXUIDFHLQ
FRPSDULVRQ WR WKH SUHYLRXV FXWWLQJ HGJH $V D UHVXOW WKH
PDJQLWXGHRIFXWWLQJIRUFHVDVZHOODVSODVWLFGHIRUPDWLRQRI
ZRUNSLHFHVXUIDFHDQGGHSWKRIFROGZRUNHGOD\HUDUHLQFUHDVHG
DIWHUHDFKWRRWKSDVVHV
$OWKRXJKVHYHUDOSUHVWLJLRXVUHVHDUFKSDSHUVFDQEHIRXQG
GHDOLQJ ZLWK VXUIDFH LQWHJULW\ JHQHUDWHG E\ PDFKLQLQJ
SURFHVVHV>@EURDFKLQJKDVUHFHLYHGOLWWOHFRQVLGHUDWLRQLQ
UHVHDUFK DQG OLWHUDWXUH >@  2QH RI WKH IHZ UHVHDUFK ZRUNV
LQYHVWLJDWLQJWKHVXUIDFHLQWHJULW\RIEURDFKHGVXUIDFHKDVEHHQ
SUHVHQWHGE\+H>@LQZKLFKWKHHIIHFWVRIEURDFKLQJSURFHVV
RQ WKH VXUIDFH URXJKQHVV VXEVXUIDFH PLFURKDUGQHVV DQG
VXEVXUIDFH UHVLGXDO VWUHVV RI D WLWDQLXP ZRUNSLHFH ZDV
H[SHULPHQWDOO\ H[DPLQHG +RZHYHU WKH HIIHFW RI HDFK
LQGLYLGXDO WRRWK ZDV QRW FRQVLGHUHG LQ +H¶V UHVHDUFK
&RPSUHKHQVLYH VWXG\ RI VXUIDFH LQWHJULW\ LQWURGXFHG E\
EURDFKLQJLVUHTXLUHGWRDYRLGDQ\SUREOHPWKDWFDQFDXVHWKH
SDUWRUDVVHPEO\VWRSZRUNLQJ
7HVW&RQILJXUDWLRQDQG([SHULPHQWDO6HWXS
7RFRQGXFWEURDFKLQJH[SHULPHQWVDVFORVHDVSRVVLEOHWRDQ
LQGXVWULDODSSOLFDWLRQDZKHHOFRXSOLQJZKLFKLVDFRPPRQSDUW
LQ WKH DXWRPRWLYH LQGXVWU\ ZDV VHOHFWHG DV WKH VDPSOH
ZRUNSLHFH )LJ  LOOXVWUDWHV D VFKHPDWLF YLHZ RI WKH DERYH
PHQWLRQHGFRXSOLQJ

)LJ*HRPHWU\RIWKHFRXSOLQJWREHEURDFKHGD,VRPHWULF9LHZ
E6HFWLRQ9LHZ
3.1. Broaching tool 
$KLJKVSHHGVWHHO+66VSOLQHEURDFKLQJWRROZDVXVHGIRU
WKHH[SHULPHQWV7KLVW\SHRIEURDFKLQJWRROLVYHU\FRPPRQ
LQWKHPDFKLQLQJLQGXVWU\HVSHFLDOO\IRUSURGXFLQJDXWRPRWLYH
SDUWV VXFK DV FRXSOLQJV IRU SRZHU WUDLQV RU VXQ JHDUV )LJ
LOOXVWUDWHVWKHJHRPHWULFDVSHFWVRIWKHLPSOHPHQWHGWRRO

)LJ*HRPHWU\RIWKHVHOHFWHGEURDFKLQJWRRO

7KHWRROKDVWHHWKDQGWKHSLWFKOHQJWKGLVWDQFHEHWZHHQ
WZRVXFFHVVLYHWHHWKLVmm
3.2. Workpiece material 
7ZRW\SHVRIVWHHO$,6,/$,6,DQGRQHW\SHRI
DOXPLQXP $O ZHUH VHOHFWHG DQG XVHG DV ZRUNSLHFH
PDWHULDOV7KHPHFKDQLFDOSURSHUWLHVRI WKHVH WKUHHPDWHULDOV
ZHUH GHWHUPLQHG E\ SHUIRUPLQJ VWDQGDUG WHQVLOH WHVWV
0HFKDQLFDOSURSHUWLHVRIWKHZRUNSLHFHPDWHULDOVDUHSUHVHQWHG
LQ7DEOH
7DEOH0HFKDQLFDOSURSHUWLHVRIWKHZRUNSLHFHPDWHULDOV
 $,6,/ $,6, $OXPLQXP
E(Mpa)   
ɐyield(Mpa)   
ɐultimate(Mpa)   
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3.3. Fixture 
$VFDQEHVHHQLQ)LJWKHXSSHUSRUWLRQRIWKHFRXSOLQJLV
WKHRQO\SDUWWREHEURDFKHGKHQFHWRVDYHPDWHULDODQGPDNH
WKHVDPSOHVL]HVPDOOHUVDPSOHVZHUHSUHSDUHGLQDF\OLQGULFDO
VKDSH ZLWK GLPHQVLRQV VLPLODU WR WKRVH RI WKH VHFWLRQ WR EH
EURDFKHGRQWKHFRXSOLQJ7KHKROHWKDWLVUHTXLUHGWRVWDUWWKH
EURDFKLQJ WHVWV ZDV LQLWLDOO\ FUHDWHG XVLQJ GULOOLQJ DQG WKHQ
ZLGHQHGWRWKHGHVLUHGGLDPHWHUE\ERULQJ,QDGGLWLRQDIL[WXUH
ZDVGHVLJQHGDQGPDQXIDFWXUHGWRKROGWKHZRUNSLHFHDJDLQVW
WKHWRROGXULQJWKHWHVWV7KHIL[WXUHLQFOXGHGDEDVHSODWHDQG
D KRRG WR NHHS WKH ZRUNSLHFH DOLJQHG ZLWK WKH WRRO DQG WR
SUHYHQWDQ\ODWHUDOPRWLRQGXULQJPDFKLQLQJ7KHIL[WXUHKDV
WKHFDSDELOLW\ WREHPRXQWHGHLWKHUGLUHFWO\RQWKHEURDFKLQJ
PDFKLQH WDEOH RU RQ WKH G\QDPRPHWHU ZKHQ FXWWLQJ IRUFH
DFTXLVLWLRQ LV UHTXLUHG 'HWDLOHG GHVFULSWLRQ RI FXWWLQJ IRUFH
VLPXODWLRQLQEURDFKLQJSURFHVVKDVEHHQSUHVHQWHGLQ>@)LJ
 GHSLFWV WKH H[SHULPHQWDO VHWXS DQG LWV FRPSRQHQWV
'HVFULSWLRQRIHDFKLWHPLQ)LJFDQEHIRXQGLQ7DEOH

)LJ([SHULPHQWDOVHWXS
7DEOH'HVFULSWLRQRIFRPSRQHQWVLQH[SHULPHQWDOVHWXS
3DUW 'HVFULSWLRQ
 %URDFKLQJWRRO
 )L[WXUHKRRG
 )L[WXUHEDVHSODWH
 '\QDPRPHWHU
 %URDFKLQJPDFKLQHWDEOH
 :RUNSLHFH
 *XLGLQJKROH
5HVXOWVDQG'LVFXVVLRQV
6HYHUDOWHVWVZHUHSHUIRUPHGRQDOOZRUNSLHFHPDWHULDOVDW
FXWWLQJ VSHHG RI  PPLQ $IWHU ILQLVKLQJ WKH WHVWV WKH
ZRUNSLHFHV ZHUH FXW LQ UDGLDO GLUHFWLRQ SHUSHQGLFXODU WR
PDFKLQHG VXUIDFH WR SUHSDUH QHDUO\ SLH VKDSH VDPSOHV IRU
LQWHJULW\ WHVWV7KHVDPSOHVZHUH WKHQPRXQWHGDQGSROLVKHG
IRUIXUWKHUVXUIDFHLQWHJULW\VWXGLHVVHH)LJ

)LJ6DPSOHSUHSDUDWLRQ
6XEVXUIDFHPLFURKDUGQHVVEHQHDWKWKHEURDFKHGVXUIDFHIRU
DOORI WKHZRUNSLHFHPDWHULDOVZDVPHDVXUHGXVLQJD9LFNHUV
KDUGQHVV+9WHVW,WKDVEHHQGHPRQVWUDWHGE\)LJ)LJ
DQG )LJ  WKDW WKH VXEVXUIDFH SODVWLF GHIRUPDWLRQ FROG
ZRUNLQJ RQ WKH PDFKLQHG VXUIDFH ZKLFK RFFXUV GXULQJ WKH
EURDFKLQJSURFHVVKDVGUDVWLFDOO\DOWHUHGWKHVXEVXUIDFHOD\HU
JUDLQ VWUXFWXUH DQG FRQVHTXHQWO\ LQFUHDVHG PLFURKDUGQHVV
6XEVXUIDFHSODVWLFGHIRUPDWLRQFDQEHVHHQLQWHUPRIJUDLQV
HORQJDWLRQLQWKHGLUHFWLRQRIFXWWLQJ7KHZRUNSLHFHVXUIDFH
EHFRPHVORFDOO\KDUGHUWKDQWKHUHVWRIWKHPDWHULDOEHQHDWKWKH
VXUIDFH7KLVFULWLFDOHIIHFWPXVWEHDFFXUDWHO\ LGHQWLILHGDQG
FRQVLGHUHGGXULQJERWKSDUWGHVLJQDQGEURDFKLQJWRROGHVLJQ
SURFHVVHVEHFDXVHWKHPDWHULDORQDQGQHDUWKHVXUIDFHPD\EH
DOWHUHG GXULQJ WKH EURDFKLQJ RSHUDWLRQ DQG LW PD\ EHKDYH
GLIIHUHQWO\WKDQZKDWH[SHFWHG)RUWKLVUHDVRQ
x (DFKWRRWKRQDEURDFKLQJWRROPD\HQFRXQWHUKLJKHUFXWWLQJ
IRUFHVGXULQJPDFKLQLQJZKHQLWUHPRYHVWKHFROGZRUNHG
OD\HUZKLFKKDVEHHQSURGXFHGE\SUHYLRXVWHHWK
x 7KH ZRUNSLHFH PD\ QRW EH ZRUNLQJ SURSHUO\ XQGHU WKH
UHTXLUHG VHUYLFH FRQGLWLRQV EHFDXVH WKH PHFKDQLFDO
SURSHUWLHVKDYHEHHQFKDQJHGGXULQJPDFKLQLQJ

)LJ9DULDWLRQRIPLFURKDUGQHVVEHQHDWKWKHEURDFKHGVXUIDFHIRUVWHHO
$,6,/
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)LJ9DULDWLRQRIPLFURKDUGQHVVEHQHDWKWKHEURDFKHGVXUIDFHIRUVWHHO
$,6,

)LJ9DULDWLRQRIPLFURKDUGQHVVEHQHDWKWKHEURDFKHGVXUIDFHIRU$O

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